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We study the circular photogalvanic effect in the organometal halide perovskite solar cell absorber
CH3NH3PbI3. For crystal structures which lack inversion symmetry, the calculated photocurrent
density is about 10−9 A/W, comparable to the previously studied quantum well and bulk Rashba
systems. Because of the dependence of the circular photogalvanic effect on inversion symmetry
breaking, the degree of inversion asymmetry at different depths from the surface can be probed by
tuning the photon energy and associated penetration depth. We propose that measurements of this
effect may clarify the presence or absence of inversion symmetry, which remains a controversial issue
and has been argued to play an important role in the high conversion efficiency of this material.
Organometal halide perovskites are emerging thin-film
photovoltaic materials which can be fabricated with solu-
tion methods and can also exhibit remarkable power con-
version efficiency. Both ABX3 (A: CH3NH3, HC(NH2)2;
B: Pb, Sn; X: Cl, Br, I) and their hybrids have excep-
tional photovoltaic performance and also show promise
as LEDs, lasers and X-ray detectors.[1–3] The mostly
studied CH3NH3PbI3 perovskite exhibits three different
structural phases from high to low temperatures with
phase transitions occurring at 327.4 K from cubic to
tetragonal and then at 162.2 K to orthorhombic.[4] In
spite of the rapid progress in the power conversion effi-
ciency, reaching more than 20 % since its first application
in 2009, a basic question about the crystal structure per-
sists regarding the presence or absence of inversion sym-
metry. Stoumpos et al. proposed that the crystal belongs
to the noncentrosymmetric I4cm space group with a fer-
roelectric distortion and octahedra rotation.[5] The fer-
roelectricity was used to explain the observed hysteresis
in J-V curve. First-principles calculations suggest that a
ferroelectric distortion could be stable.[6–8] In addition,
Rashba spin-splitting of the electronic band structure due
to inversion symmetry breaking was observed in angle re-
solved photoemission measurements.[9] However, there is
also a significant body of work which indicates that the
material is centrosymmetric. The hysteretic behavior has
been ascribed to charge trapping at the surface and ionic
migration under applied bias.[10–14] The crystal struc-
ture has been assigned to the centrosymmetric I4/mcm
space group[4, 15, 16] and centrosymmetry was assumed
to explain the observed spin dynamics.[17] Light-induced
structural changes could further complicate the assign-
ment of the crystal space group.[18–21]
In this paper, we propose that the circular photogal-
vanic effect – which is only allowed in gyrotropic media –
could shed light on the symmetries of the space group
of tetragonal CH3NH3PbI3. Fig. 1 shows the cartoon of
the circular photogalvanic effect measurement setup in
which circularly polarized light induces a photocurrent.
The photocurrent measurement yields information about
the absence or presence of inversion symmetry break-
ing. Moreover, the surface and bulk are expected to ex-
hibit different magnitudes of inversion symmetry break-
ing. This difference could be detected by varying the
photon energy and associated absorption depth. As we
discuss in more detail, a larger photon energy probes the
material response in closer proximity to the sample sur-
face, where inversion symmetry breaking is generally ex-
pected to be larger. In our previous study, we have shown
the inversion symmetry breaking leads to an interesting
and potentially useful optical spin response of the per-
ovskites, which can be used to study the role of grain
boundaries.[22]
FIG. 1: Schematic of the circular photogalvanic measure-
ment. The incident light with right circular polarization is
propagating within the yˆ-zˆ plane (indicated by the light green
triangle) with incidence angle θ. Inversion symmetry breaking
is assumed along zˆ direction. Photocurrent is flowing perpen-
dicular to the plane of incidence. In our model system, the
photocurrent is along the xˆ direction.
Herein, we report a first-principles density functional
theory study on the circular photogalvanic effect focusing
on noncentrosymmetric tetragonal CH3NH3PbI3. The
absence of inversion symmetry, together with the strong
spin-orbit coupling in the heavy element Pb, leads to the
Rashba-type spin splitting as depicted in Fig. 2 (a). In
this case, the spin has a preferred orientation perpendic-
ular to both the momentum and the inversion symmetry
breaking direction.[23] Because of spin-momentum lock-
ing and angular momentum selection rules, optical tran-
sitions between conduction and valence energy states re-
spond differently to light with different circular polariza-
ar
X
iv
:1
60
7.
01
75
7v
1 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 6 
Ju
l 2
01
6
2tion direction. The asymmetric distribution of excited
charge carriers leads to a photocurrent in the absence of
an external bias. The symmetry properties of the pho-
tocurrent response are determined by the symmetry of
the system Hamiltonian. For a Rashba model, the pho-
tocurrent direction is normal to the plane formed by the
light angular momentum and the bulk symmetry break-
ing direction.[24] A characteristic feature of circular pho-
togalvanic effect is that incident light with right and left
circular polarization will lead to photocurrents flowing
along opposite directions.
Figs. 2 (b) and (c) show the optical transition am-
plitudes versus wave vector for right and left circularly
polarized light. The transitions exhibit strong k depen-
dence and energy states with kx > 0 (< 0) make more
contribution to the photocurrent for right (left) circularly
polarized light. Moreover, the transition at k for right
circular polarization is equal to that at −k for left circu-
lar polarization, indicating the characteristic dependence
of photocurrent on circular polarization. This effect has
been observed in bulk Te, GaAs and InAs quantum wells
as well as bulk GaAs subjected to an external magnetic
field.[24–27] It was also used to demonstrate the Rashba
spin splitting in GaN-based heterostructures and to de-
tect the lattice polarity of InN.[28, 29] Recently this effect
was observed in bulk Rashba system BiTeBr[30] and the-
oretical studies have been reported on an ultrathin film
of topological insulators[31] and on graphene deposited
on heavy-element substrates.[32]
FIG. 2: (a) depicts the Rashba-type band structure of
CH3NH3PbI3 along kx (ky = 0, kz = 0). Circles with
cross (red) and dot (green) indicate the spin orientations
pointing into and out of the paper, respectively. The arrows
with different thickness represent the asymmetric transition
rates at k and −k for right circularly polarized light. (b)
and (c) show matrix elements 1
2
|〈ψc (k) |pˆx± ipˆz|ψv (k)〉|2 for
transitions between highest valence band and lowest conduc-
tion band. + and − correspond to right and left circularly
polarized light, respectively. All molecules are arranged ini-
tially along zˆ direction to obtain a larger inversion symmetry
breaking.
Because the spin-orbit coupling effect is dominated by
the heavy element Pb, the molecular orientation and the
ensuing distortion of PbI6 octahedron plays an impor-
tant role in determining the symmetry breaking.[33] We
first study the model system with all molecules initially
arranged along zˆ direction to obtain a larger inversion
symmetry breaking. The density functional theory calcu-
lations are carried out using local density approximation
in the form of norm-conserving pseudopotentials as im-
plemented in Quantum-ESPRESSO[34] with an energy
cutoff of 40 Eh ( 1 Eh = 27.21 eV ) for the plane wave
basis expansion. A 4 × 4 × 3 grid for the Brillouin zone
sampling was employed during the structural relaxation
and all atoms in the unit cell were allowed to move un-
til the force on each is less than 0.5 eV/nm. Troullier-
Martins norm-conserving pseudopotentials[35, 36] for all
of the elements were generated with the APE, the Atomic
Pseudo-potentials Engine.[37] The lattice constants are
calculated to be a = 0.875 nm and c = 1.203 nm,
in good agreement with the experimental measurement
(a = 0.880 nm and c = 1.269 nm)[4]. To remedy the un-
derestimation of the energy gap in local density approx-
imation, the calculated curve has been rigidly shifted to
match an experimental energy gap of 1.5 eV. The tetrag-
onal lattice structure we consider is noncentrosymmetric
and exhibits ferroelectricity. The polarization is calcu-
lated to be 10.7 µC/cm2 using Berry phase approach.
By considering the response of the system to a
monochromatic electric field of frequency ω
E(t) = E(ω)e−iωt +E∗(ω)eiωt, (1)
we solve semiconductor optical Bloch equations pertur-
batively to first order in the field intensity[38] and derive
the photocurrent generation rate J˙ given by
J˙ i = χilm(ω)El∗(ω)Em(ω), (2)
where
χilm(ω) =
2pie2
h¯2ω2
1
V
∑
k
∑
c,v
(J ic − J iv)
× vl∗cv(k)vmcv(k)δ[ωcv(k)− ω].
(3)
In Eq. 3, vmcv (k) = 〈ψc (k) |vˆm|ψv (k)〉 is the veloc-
ity operator matrix element between conduction and va-
lence band states, J ic(v) = 〈ψc(v) (k) |evˆi|ψc(v) (k)〉, and
ωcv(k) = (Eck − Evk) /h¯. ψc(v) (k) represents the wave
function of conduction (valence) band with energy Ec(v)k.
The superscripts i, l and m indicate Cartesian compo-
nents and summation over repeated indices is implied.
We first calculate the energies and momentum matrix
elements on a coarse grid in momentum space and em-
ploy Wannier interpolation technique[39–41] to evalu-
ate the photocurrent response (Eq. 3) on a fine grid of
100 × 100 × 75 k-points. This method has been applied
in the study of optically injected spin current.[22]
Since the system under study assumes inversion sym-
metry breaking along zˆ direction, the spin orientation is
3(a)
(b)
FIG. 3: (a) Photocurrent density jx normalized to the radi-
ation power P as a function of the incident photon energy
h¯ω with respect to the energy gap for an incidence angle
θ = 90o. Positive (Negative) photocurrent direction corre-
sponds to right (left) circularly polarized light. (b) Absorp-
tion coefficients for different polarizations as a function of
incident photon energy. The close similarity between absorp-
tion coefficients for xx and yy polarizations corresponds to
the symmetry of the system under study.
confined in the xˆ–yˆ plane as expected from the Rashba
model. Neglecting reflection from the surface, we find the
largest response corresponds to the circularly polarized
light incident along the yˆ direction (incidence angle θ =
90o, see Fig. 1) with electric field E(ω) = 1√
2
E0(xˆ ± izˆ)
where + and− correspond to right and left circular polar-
ization, respectively. In the momentum relaxation time
approximation under direct optical transitions we have
jx = J˙
xτ.[24] We assume the momentum relaxation time
τ = 1 fs for both electrons and holes. Fig. 3 (a) de-
picts the calculated ratio of photocurrent density jx to
radiation power P as a function of photon energy h¯ω
and clearly shows the switching of photocurrent direction
upon the circular polarization reversal, a characteristic
feature of the circular photogalvanic effect. The peak
value is about 0.6×10−8A/W, which is comparable with
the previously reported photocurrents in n-InAs and p-
GaAs quantum wells[24] and bulk Rashba semiconductor
BiTeBr[30].
Owing to the dependence of circular photogalvanic ef-
fect on the inversion symmetry breaking, this effect could
be used to detect the crystal structure and some of the
associated mechanisms that have been proposed to ex-
plain the high power conversion efficiency of perovskite
materials. In the organometal halide perovskites, a long
carrier lifetime of about 300 ns has been observed.[42–
44] This has been attributed to the reduced nonradiative
recombination by unusual defect physics[45] and photon
cycling[46]. In addition, the Rashba effect, for which in-
version symmetry breaking is required, could have strong
effect on the carrier lifetime. When conduction and va-
lence bands exhibit different spin helicity, the associated
spin mismatch significantly reduces the radiative recom-
bination rate.[7] The indirect band gap caused by the
different momentum offsets in valence and conduction
bands may also reduce radiative recombination.[7, 47, 48]
Note that circular photogalvanic effect is sensitive to
the macroscopic inversion symmetry breaking, whose ab-
sence cannot rule out the possibility of reducing recombi-
nation by Rashba splitting. The local symmetry break-
ing or dynamic Rashba splitting may contribute to long
carrier lifetimes.[7, 49]
To further investigate how we can probe the inversion
symmetry breaking and ensuing photocurrent response
at different depths from the surface, we calculated the
absorption coefficient as a function of the incident pho-
ton energy h¯ω as depicted in Fig. 3 (b). The absorption
coefficient α(ω) is related to the complex dielectric func-
tion via
α(ω) =
2ω
c
√√
ε21(ω) + ε
2
2(ω)− ε1(ω)
2
, (4)
where ε1(ω) and ε2(ω) are the real and imaginary parts
of the complex dielectric function, respectively. ε2(ω) is
given by
εαβ2 (ω) =
e2h¯2
pim2
∑
c,v
∫
dk
pαcv(k)p
β
cv(k)
∗
(Eck − Evk)2
δ(Eck − Evk − h¯ω)
(5)
where the integral is over the first Brillouin Zone and
the sum runs over every couple of valence and conduc-
tion bands. p
α(β)
cv (k) denotes the dipole matrix element〈
ψc(k)|pˆα(β)|ψv(k)
〉
representing the probability ampli-
tude of the transition from state ψv(k) to state ψc(k),
where pˆ is the momentum operator. The real part of the
dielectric function ε1(ω) is calculated from ε2(ω) through
the Kramers-Kronig relation.
4The calculated absorption coefficient is comparable to
the experimental value.[50] Near the band edge it is about
104 cm−1 and increases monotonically with photon en-
ergy. This energy dependence can be attributed to the
density of states, with Pb-s orbitals in the valence band
and Pb-p orbitals in the conduction band. Because the
dominant optical transition is between these intra-atomic
orbitals of Pb atoms, more transitions contribute to the
absorption when the photon energy increases.
The penetration depth, characterizing the depth at
which the intensity of the radiation decays to 1/e of its
surface value, is the inverse of the absorption coefficient.
Fig. 3 (b) indicates that the absorption depth goes from
1000 nm for photon energies near the band gap, to 50 nm
at 3 eV. This enables a systematic study of the inver-
sion asymmetry at different depths away from the sur-
face. The surface and bulk dominate the photocurrent
for large and small photon energies, respectively. The
nearly zero photocurrent for large photon energy would
be indicative of the absence of bulk inversion symmetry
breaking. If we assume inversion symmetry is only lo-
cally broken at the sample surface, then the electronic
structure acquires Rashba-like features over a distance L
from the surface.[51] For metals, L is only a few atomic
layers, but in semiconductors, L can be as large as the
depletion width. For an absorption coefficient α(ω), the
circular photogalvanic effect signal contains a factor of
(1 − e−α(ω)L). In this case a signal is only measured if
the absorption occurs within a length scale of L.
In order to observe photocurrent response when the
inversion symmetry breaking is due to the sample sur-
face, oblique incidence (θ 6= 0) is required. As shown in
Fig. 1, the inversion symmetry breaking is assumed to
be normal to the surface. Considering the strong poten-
tial from structural asymmetry, we for simplicity assume
that the xˆ–yˆ plane is isotropic and inversion symmet-
ric. When the light propogates with θ = 0, the in-plane
symmetry leads to the cancellation for the photocurrent
contributions at k and −k and therefore, zero net pho-
tocurrent. The photocurrent first increases with inci-
dence angle and then decreases due to enhanced portion
of reflected light. When photon energy is smaller than 3
eV, the calculated refractive index varies between 2.1 and
2.59, from which we estimate the photocurrent response
reaches its maximum at θ ≈ 45o.[24] However, distor-
tion transverse to the surface normal may be present.
McLeod et al. found that perovskite thin films made by
the one-step deposition method exhibit angle-dependent
features in X-ray absorption spectroscopy measurements,
indicating long-range alignment of the dipolar CH3NH3
molecules parallel to the surface.[52] In this case, the pho-
tocurrent response deviates from our prediction based on
the in-plane isotropy and inversion symmetry breaking
within the plane can be detected with a nonzero pho-
tocurrent response for θ = 0.
Inversion symmetry breaking could play an impor-
tant role in the properties of photovoltaic materials.
Its presence in the bulk region would be indicative
of the role of Rashba splitting in reducing the radia-
tive recombination.[7] Even inversion symmetry breaking
only near the surface provides an effective route of inves-
tigating the charge current distribution near the grain
boundaries in polycrystalline perovskite absorbers. Be-
cause of the Rashba splitting, a nonequilibrium spin den-
sity is developed and is aligned in a direction perpen-
dicular to the symmetry breaking direction and particle
velocity. [22] Measuring the spin density could therefore
indicate the velocity direction of carriers, which could in
turn help elucidate the role of grain boundaries and other
defects on charge transport. Surface measurements, such
as magneto-optical Kerr microscopy, probe the response
in the inversion asymmetric environment near the sur-
face, and could measure these effects even if the bulk
is inversion symmetric. Niesner et al. has performed
the angle-resolved photoelectron spectroscopy on the sur-
face valence bands of CH3NH3PbBr3 and found that the
Rashba strength is among the largest values reported so
far.[9]
In summary, we report on first-principles density func-
tional study on the optical generation of photocurrent
with circularly polarized light in the organometal halide
perovskite CH3NH3PbI3. We found that the photocur-
rent response is comparable with that of previously stud-
ied quantum well and bulk Rashba systems. Because
of its dependence on the inversion symmetry breaking,
the circular photogalvanic effect could find application to
examine whether the sample under study is centrosym-
metric or noncentrosymmetric which is critical for the
understanding of the long carrier lifetime and therefore,
the remarkable power conversion efficiency.
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